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Abstract. This paper presents the application of three-dimensional nonlinear finite element 
analysis in studying the complex behaviour of reinforced concrete beam-column joints under 
reversed cyclic loading. Three different joint types were considered: an interior, an exterior, and 
a corner joint, each representing typical joint configurations in general moment resisting frame 
structures. These joints' test data were taken from the experimental investigations carried out by 
Shiohara and Kusuhara about 15 years ago and used here to showcase the practical application 
and value of an advanced numerical modelling. It is shown that the numerical models are able 
to accurately capture the full cyclic hysteretic response, progressive strength and stiffness 
degradation, cracking and damage evolution under load cycles, and failure mode. It is also shown 
that the numerical models provide a useful tool to characterise failure processes and behavioural 
mechanisms. 
1. Introduction 
Beam-column joint is widely considered as a critical element in reinforced concrete moment-resisting 
frame structures [1]. When subjected to earthquake-induced lateral forces, premature failure can occur 
in a poorly detailed joint element [1-5] and this failure can be very brittle as in concrete beams with little 
or no shear reinforcement [6-9]. Joint shear failure can also occur in overly reinforced concrete beams 
as flexural yielding cannot be achieved due to high ratio of longitudinal steel bars [10]. 
The key to ensuring the ductility and inelastic deformability of a beam-column joint depends 
primarily on the ability of the joint to sustain high shear stresses, particularly when flexural cracks have 
developed within the plastic hinge regions of the adjoining beams. In any case, it must be ensured that 
the columns remain essentially elastic throughout the load history to ensure global structural stability. 
This behavioural response is generally aimed for in the design as it will allow for inelastic large 
deformation to occur in the beams while preventing premature joint failure. A considerable amount of 
work [11-13] has been devoted since early 1960s to study the behaviour of beam-column joints under 
load reversals departing from the above concept and a number design recommendations have since been 
developed to ensure adequate connection behaviour in frame structures. 
In the current building codes for beam-column joints [14, 15], a strength-based approach is generally 
adopted with joint shear strength typically being determined to meet the factored force demands imposed 
by adjoining members (i.e. beams and columns). By doing so, a joint can be expected to behave 
satisfactorily during load (shear) reversals. Provisions in a strong column-weak beam, anchorage length 
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of longitudinal bars, and adequate shear reinforcements are also given to ensure the integrity of a 
structure in the post-yielding region. Although the ultimate stage limits are provided to protect against 
loss of lives and structural collapse, the formation of wide diagonal cracks in the joint can still occur 
[16]. 
Apart from the design point of view, the mechanics of a beam-column joint under load reversals have 
also presented a major challenge to finite element modellers, particularly those implementing the 
smeared approach as stresses could be highly localised. The difficulty is partly due to the highly complex 
behaviours and involvement of many interrelated factors, including the flexural actions from both beams 
and columns, joint shear response, bond-slip effects, and joint concrete confinement. To investigate 
these aspects, Shiohara and Kusuhara [17, 18] performed extensive experimental investigations on 
reinforced concrete beam-column joints, with the aim at providing reliable test data for model 
verifications. In their study, three loading types were considered to simulate typical boundary conditions 
in a structure i.e. (i) an interior, (ii) an exterior, and (iii) a corner beam-column joint. The results of their 
experiments have since been used as the subject for further studies and generally treated as a benchmark 
data for verifying the accuracy of nonlinear finite element procedures.  
In this paper, the practical value and application of three-dimensional nonlinear finite element 
analysis is demonstrated through accurate simulations of the cyclic hysteretic responses of beam-column 
joints along with crack patterns. The beam-column joints tested by Shiohara and Kusuhara [17] were 
selected as a benchmark to testify the accuracy of the finite element analyses. A combination of plasticity 
and fracture model in conjunction with a smeared fixed crack approach and crack band model was 
adopted to this end. 
2. Details of Shiohara and Kusuhara Beam-Column Joints 
In 2006, Shiohara and Kusuhara [17] undertook a detailed experimental programme on six half-scale 
beam-column joints (hereinafter referred to as the SK beam-column joints). The primary objective of 
the test programme was to provide benchmark test data for the validation of their in-house mathematical 
models. Due to the high quality and comprehensive documentation of test results, their test data have 
been referred to by many researchers and used to support the corroboration in many software 
developments [19, 20]. 
In this paper, only one series (series A) of the three series of SK beam-column joints was analysed. 
In this series, there were three specimens (labelled A1, A2 and A3), each of which was tested under 
different loading patterns to cover possible types of beam-column joint in moment-resisting frame 
buildings. All specimens in this series are of critical form and were designed as per AIJ guidelines [21]. 
Loading type I was intended to simulate an interior joint and this was applied to specimen A1 to address 
significant joint core distress. Loading types II and III were intended to simulate an exterior and corner 
joint, respectively, and applied to specimens A2 and A3 (these are the specimens that sustained the least 
joint core distress). The joint shear capacity of specimen A1 was designed to be 10% higher than the 
joint shear demand. The strong column-weak beam concept was considered, with an overstrength factor 
of 1.25 to allow the beams to achieve their full flexural capacities prior to the columns. 
The typical schematic representations of all beam-column joints geometry and reinforcement layout 
are displayed in figure 1(a), together with the schematic of the test setup in figures 1(b)-(d). All beam-
column joints had a similar square section of 300 by 300 mm and were reinforced with steel bars of 
identical arrangement and properties (see table 1). The concrete used to cast these specimens had the 
mean compressive and tensile splitting strengths of 28.3 MPa and 2.67 MPa, respectively. The specimen 
details are summarised in table 2. 
 
Table 1. Material properties of reinforcing bars in series A specimen [17]. 
Diameter 
(mm) 
Grade Young’s Modulus 
(GPa) 
Yield Strength 
(MPa) 
Ultimate Strength 
(MPa) 
13a SD390 176 456 582 
13b SD390 176 357 493 
6 SD295 151 326 488 
Notes: a: steel bar used for beams; b: steel bar used for columns 
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Table 2. Details of SK beam-column joint specimens [17]. 
Description A1 A2 A3 
Model Interior Exterior Corner 
Loading type I II II 
Compressive strength of concrete 28.3 MPa 
Beams Cross-section 300 × 300 mm 
Span 2700 mm 
Longitudinal bar 8D13 (top) and 8D13 (bottom) 
Transverse bar D6 at 50 mm 
Columns Cross-section 300 × 300 mm 
Height 1470 mm 
Longitudinal bar 16D13 
Transverse bar D6 at 50 mm 
Joint Transverse bar D6 at 50 mm (3 NoS) 
 
 
Figure 1. Schematic of series A of SK beam-column joints: (a) cross-section and bar 
arrangement; (b) loading type I; (c) loading type II; and (d) loading type III [17]. 
 
3. Finite Element Model 
Three-dimensional nonlinear finite element analyses were performed using a specialist finite element 
software package ATENA Science developed exclusively by Červenka Consulting [22] for simulations 
of reinforced concrete structures [23, 24]. In this study, the accuracy of a smeared fixed crack approach 
to model the highly nonlinear cracked concrete behaviours experiencing bi-directional cracking [25, 26] 
resulting from reversed cyclic loads is tested. Figures 2(a) and (b) display the typical finite element 
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meshes and bar arrangements used to represent SK beam-column joints, which was prepared in a pre-
processor finite element software GiD. The concrete was modelled using 8-node hexahedral (brick) 
linear elements with a typical size of 25 mm (in columns, beams and joint region), thereby giving 12 
elements across the overall depth or width. All plates were modelled using tetrahedral linear elements 
with larger unstructured mesh size as a means to expedite the runtime of analysis. Although different 
mesh sizes were used for the concrete and steel (end) plates, this would not affect the accuracy as there 
is a full compatibility between two mesh surfaces. 
 
 
Figure 2. (a) Finite element mesh and (b) bar arrangement in ATENA Science. 
 
 
Figure 3. Concrete constitutive model: (a) compression and (b) tension. 
 
The nonlinear concrete used in this study was the “Cementitious2” model which was formulated 
based on the CEB-FIP Model Code 1990 [27]. In this model, the response in compression is treated 
following the theory of plasticity, whereas the response in tension is formulated following the Rankine 
fracturing model for concrete cracking [22]. In the shear model, a constant shear factor coefficient (SF), 
which defines a relationship between normal and shear (both modes II and III) crack stiffnesses, was 
used. Figures 3(a) and (b) show a summary of the constitutive laws adopted in this study. To model 
concrete behaviour under cyclic loading, the unloading factor parameter was activated to control the 
crack closure stiffness. In ATENA, this parameter can be set between 0 and 1, with 0 for unloading to 
the origin (default value for backward compatibility) and 1 for unloading parallel to the initial elastic 
stiffness. In this work, this factor was set to 0.2 and found to simulate residual displacement during 
unloading reasonably. Apart from this, the plastic flow was modified to a value of 0.5 to account for 
dilatancy resulting from the concrete volumetric expansion when undergoing compression failure. 
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Figure 4. Loading history for reversed cyclic loading 
 
Table 3. Summary of material parameters and finite element input parameters in ATENA. 
No Parameter Value/Reference 
Concrete constitutive model 
1. Elastic modulus CEB-FIP Model Code [27] 
2. Tensile strength CEB-FIP Model Code [27] 
3. Smeared crack model 1 (fixed crack) 
4. Aggregate size 20 mm 
5. Unloading factor for cyclic loading 0.2 
6. Critical compressive displacement 0.5 mm 
7. Limit of comp. strength reduction due to cracking 0.8 
8. Eccentricity (defining the shape of failure surface) 0.52 
9. Plastic flow (defining dilatancy of plastic factor) 0.5 
Reinforcement bar model 
10. Stress-strain relationship Bilinear with strain hardening 
11. Bond-slip model for cyclic (bar with memory bond) CEB-FIP Model Code [27]  
12. Cyclic behaviour (Menegotto-Pinto) R = 10; C1 = 0.925; and C2 = 0.15 [28] 
Loading procedure and solution parameter 
13. Loading procedure for axial load Static (force-controlled) 
14. Loading procedure for cyclic load reversal Quasi-static (displacement-controlled) 
15. Iteration method for cyclic Modified Newton-Raphson 
16. Stiffness type Elastic predictor with conditional break criteria 
17. Iteration limit 300 
18. Solver Pardiso 
 
All embedded steel bars were modelled in discrete representation using one-dimensional 2-noded 
linear truss elements. Elasto-plastic Manegotto-Pinto model [28] was used to accurately capture the 
cyclic behaviour of steel bars as it takes into account the Bauschinger's effect during unloading and 
reloading sequences. Bond-slip with memory bond was also considered following the nonlinear bond-
slip formulation in the CEB-FIP Model Code 1990 [27]. 
In all models, the lower column was supported by a pin-joint. In the first loading interval, each beam-
column joint was loaded with a constant axial load of 216 kN at the top of the upper column. In the 
second and subsequent intervals, cyclic lateral loads were then applied in the form of displacement 
increments, with a rate of 1.0 mm per step until reaching the drift ratio of 8% (see figure 4). For loading 
type I (specimen A1), the interior beam-column joint was supported at both sides of beam ends (with a 
pin and a roller support respectively) and the cyclic lateral loads were then applied at the top of the upper 
column. For loading type II (specimen A2 or an exterior beam-column joint), the lateral loads were 
applied in the same manner to that applied in loading type I – however, only one side of the beams was 
supported by a roller; accordingly, no internal stresses would develop in the other (dummy) beam. For 
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loading type III (specimen A3 or a corner beam-column joint), the analysis was done by applying cyclic 
lateral loads at one of the beam ends. The support conditions were similar to that of loading type II. 
In this study, the modified Newton-Raphson iterative solution parameter with elastic predictor was 
used to allow for consistent convergence at each of load steps. Input parameters in conditional break 
criteria were set higher than that of default values, typically ten times higher to provide more space when 
convergence difficulties are encountered. The convergence tolerance was set constant throughout 
intervals with a value of 1.0% for displacement, residual, and absolute residual error, whilst energy error 
was set at 0.1%. High iteration limits (e.g. 200-300) were found to be beneficial. The key input 
parameters used in the analyses are summarised in table 3. 
4. Results and Discussion 
4.1. Hysteretic response 
Figures 5(a)-(c) display the load-drift responses for specimens A1 to A3, with a summary of the 
measured and predicted load capacities presented in table 4. As shown in the figures, the overall 
behaviours of the beam-column joints can be predicted reasonably well. The finite element models 
successfully exhibit comparable hysteretic shapes, particularly for specimens A2 and A3 which display 
similar response as observed in the experiment.  
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Figure 5. Loading history under reversed cyclic loading. Test data were taken from [17]. 
 
With regard to the response of interior beam-column joint (specimen A1), it is apparent from figure 
5(a) that at low drift levels, the predicted hysteretic response displays accurate representation of strength 
and stiffness degradation. As the drift is increased further, however, the analysis starts to slightly 
underestimate the load capacity (particularly from the 5th cycle), but the agreement is still reasonable. 
Of interest to note is the overly high total energy dissipation in the analysis due to the more rounded 
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shape of hysteretic loops during load cycles (compared to the highly pinched response). This could also 
be attributed to high complexity of joint distress incurred by the specimen, thereby making it difficult 
to predict with accuracy. As shown in table 4, the ratios of experimental-to-predicted load capacity for 
specimen A1 in the positive and negative loading direction are 1.08 and 1.16 respectively. 
Table 4. Summary of experimental [17] and predicted load capacities. 
Joint 
Specimen 
Positive Loading Direction Negative Loading Direction 
Pu-Test Pu-Calc Pu-Test /Pu-Calc Pu-Test Pu-Calc Pu-Test /Pu-Calc 
(kN) (kN) (-) (kN) (-) 
A1 126.6 117 1.08 -122.8 -106 1.16 
A2 77.9 82 0.95 -77.1 -79 0.98 
A3 176.4 182 0.97 -124.5 -129 0.97 
Mean 1.00 Mean 1.03 
CoV (%) 5.82 CoV (%) 9.46 
Figures 5(b) and (c) compare the measured and predicted hysteretic responses for specimens A2 and 
A3 respectively. An excellent agreement is observed in terms of initial stiffness, load capacity, and the 
overall shape of the hysteretic loops. The strength and stiffness degradation can also be predicted with 
accuracy, although there is a slight variation of strength degradation during the 8th cycle which 
corresponds to the drift ratio of 4%. It is noteworthy that the models can better replicate the hysteretic 
shapes for specimens with less joint core distress. The ratios of experimental-to-predicted load capacity 
for specimens A2 and A3 in the positive and negative loading direction are 0.95/0.98 (A2) and 0.97/0.97 
(A3) respectively which is indicative of marginal differences (consistently less than 5%), highlighting 
the excellent accuracy of finite element predictions. 
4.2. Comparison of crack patterns 
To facilitate further evidence of the accuracy of finite element models used in this study, figures 6-8 
compare the observed and predicted crack patterns at selected drift ratio levels of 0.5%, 2%, and 4%. It 
is evident that, in general, the overall predicted crack patterns are in excellent agreement with the 
observed crack patterns in terms of the extent of accuracy of crack-alike development, location of crack, 
and mode of failure. The successful representation of crack angle (also principal strain profile) in all 
specimens under increasing loads is also appealing, highlighting once again successful appreciation of 
the highly nonlinear behaviours of the concrete by the finite element models. 
With reference to the cracking behaviour of specimen A1, it is apparent that under load reversals, 
flexural cracks initially develop at the beam corners at the joint and then propagate diagonally within 
the joint core which is indicative of shear cracks. These existing shear cracks, during the increasing load 
levels, progress significantly within the joint, replicating more to a typical concrete strut action. The 
reason for this relates to the low overstrength factor of joint shear capacity (10%) as reported by Shiohara 
and Kusuhara [17]. At a drift ratio of 4%, shear cracks start to develop within the plastic hinge regions 
of both lower and upper columns. This is attributed to the marginal value of the overstrength factor in 
the strong column-weak beam design (i.e. 1.25). Therefore, it is not surprising that joint core exhibits 
heavy shear distress followed by diagonal concrete crushing, while the columns also experience 
significant damage. Furthermore, the analysis clearly shows that the longitudinal bars in the beams have 
reached their yield capacities, as evidenced by considerable flexural cracks formation along the beam 
length. 
With respect to specimens A2 and A3, the failure modes are predicted to be flexure-shear in nature 
which is consistent with experimental observation. Significant flexural cracks manifest vastly in one 
side of the beam, following the formation of shear cracks in the joint core. In this specimen, damage is 
dominated primarily by flexural cracks with no existence of concrete crushing. It is interesting to note 
that in specimen A2 (exterior beam-column joint), concrete cracking is shown to develop primarily in 
the beam and within the joint core, whereas in specimen A3 (a corner or knee joint), concrete cracking 
is shown to also manifest in the lower column at locations within the plastic hinge region. 
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Figure 6. Computed and observed crack patterns and maximum principal strains of specimen A1. 
 
 
Figure 7. Computed and observed crack patterns and maximum principal strains of specimen A2. 
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Figure 8. Computed and observed crack patterns and maximum principal strains of specimen A3. 
5. Concluding remarks and conclusions 
The application of three-dimensional nonlinear finite element analyses using ATENA Science is 
presented, with the models prepared using a pre-processor software GiD. Three beam-column joints 
tested by Shiohara and Kusuhara, representing the interior, exterior and corner joints, were thoroughly 
modelled and simulated under quasi-static displacement-controlled load reversals. The fracture-plastic 
model employing the classical path-dependent smeared crack formulation and crack band model was 
adopted to showcase the applicability of this approach for complex simulations of reinforced concrete 
under cyclic loading. This work also aims to respond to the need for establishing an appropriate 
modelling strategy under cyclic loading which still presents challenges to finite element modellers.  
 
Based on the analytical work presented, some conclusions are drawn: 
1. The use of ATENA Science is shown to provide good capabilities to simulate multifaceted nonlinear 
behaviour of beam-column joints under cyclic lateral loads. The nonlinear material models 
implemented in the software is shown to produce hysteretic loops and crack profiles which are in 
excellent agreement with experimental observations. 
2. It is shown that the load capacity of the joints can be well predicted, with the predictions slightly 
underestimating the load capacity of the interior joint and slightly overestimating the load capacities 
of the exterior and corner joints. The computed crack patterns display good representation of the test 
data, with similar crack development demonstrated across the members. Accurate predictions of 
failure modes were also obtained. 
3. The extent of damage in the analysis is shown to compare well with the actual damage in the test 
specimens. This is particularly true for the interior joint which is generally more critical and subjected 
to large shear stresses. The results demonstrate the suitability of reliable simulations to tackle 
challenges in predicting damage level under day-to-day design. 
 
Drift Ratio 0.5% Drift Ratio 2% Drift Ratio 4%
4th International Conference on Civil Engineering Research (ICCER 2020)
IOP Conf. Series: Materials Science and Engineering 930 (2020) 012055
IOP Publishing
doi:10.1088/1757-899X/930/1/012055
10
 
 
 
 
 
 
The analysis tool discussed in this paper can provide practising engineers and researchers with the ability 
to assess detailed behavioural response of structural elements subjected to unforeseen loading conditions 
such as earthquake. It could also be a useful tool in the assessment of structural elements with unusual 
detailing, particularly if constructed in seismic prone area. 
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